ABSTRACT Background: Vitamin D is associated with many health conditions, but optimal blood concentrations are still uncertain. Conclusions: Plasma 25(OH)D concentrations predict subsequent lower 13-y total mortality and incident cardiovascular disease, respiratory disease, and fractures but not total incident cancers. For mortality, lowest risks were in subjects with concentrations .90 nmol/L, and there was no evidence of increased mortality at high concentrations, suggesting that a moderate increase in population mean concentrations may have potential health benefit, but ,1% of the population had concentrations .120 nmol/L.
INTRODUCTION
Vitamin D deficiency is a well-established cause of impaired bone mineralization that leads to conditions such as rickets and osteomalacia. In addition, vitamin D status has been associated with other health outcomes including osteoporotic fractures, cardiovascular disease, cancers, diabetes, respiratory diseases, and all-cause mortality (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . However, substantial debate continues as to what an optimal vitamin D status might be above low blood concentrations associated with deficiency bone diseases (1) , and randomized trials of vitamin D supplementation have not provided conclusive evidence (1, 2, 5) . An understanding of the dose-response relation between serum vitamin D concentrations in a general population of men and women and a range of health outcomes may help our understanding of how vitamin D may relate to health and inform future trial designs or public health recommendations.
SUBJECTS AND METHODS
Participants were recruited from age-sex registers of general practices for a prospective population study of 25,639 men and women aged 40-79 y, 99.5% of whom were white, who were residents in Norfolk, United Kingdom, and first surveyed in 1993-1997 as part of the 10-country collaboration the European Prospective Investigation into Cancer and Nutrition (18) .
Between 1997 and 2000, w15,000 participants attended a second clinic visit (19) . At this visit, participants completed a detailed health and lifestyle questionnaire. A personal medical history of heart attack, stroke, cancer, asthma, bronchitis, and fractures; smoking history; alcohol intake; supplement use; physical activity; social class; and educational status were ascertained by using standard questionnaires (19) (20) (21) . Participants were asked about their medical histories with the question "Has a doctor ever told you that you have any of the following?" followed by a list of conditions that included heart attack, stroke, cancer, asthma, bronchitis, and fractures. Prevalent conditions were defined as yes answers to the relevant condition. Smoking history was derived from yes or no responses to the questions "Have you ever smoked as much as one cigarette a day for as long as a year?" and "Do you smoke cigarettes now?" Alcohol consumption was derived from the question "How many alcoholic drinks do you have each week?" with 4 separate categories of drinks. A unit of alcohol (w8 g) was defined as a half-pint of beer, cider, or lager; a glass of wine; a single unit of spirits (whisky, gin, brandy, or vodka); or a glass of sherry, port, vermouth, or liqueurs. Total alcohol consumption was estimated as the total units of drinks consumed in a week. Supplement use was ascertained by using the question "Have you taken any vitamins, minerals, or other food supplements regularly during the past year (such as vitamin C, vitamin D, iron, calcium, fish oils, primrose oil, betacarotene, etc)?"
Habitual physical activity was assessed by using 2 questions about occupational and other physical activity, and individuals were allocated to a physical activity index validated against heart-rate monitoring in one of 4 categories as follows: inactive, moderately inactive, moderately active, and active (21) .
Social class was classified according to the Registrar General's occupation-based classification scheme into 5 main categories with social class I representing professionals, social class II representing managerial and technical occupations, social class III representing subdivision into nonmanual and manual skilled workers, social class IV representing partly skilled workers, and social class V representing unskilled manual workers. We also recategorized social class into manual and nonmanual social classes. Social classes I-III nonmanual were classified as nonmanual, whereas social classes III manual, IV, and V were classified as manual (20) . Educational status was based on the highest qualification attained and was categorized into 4 groups as follows: degree or equivalent, A-level or equivalent, O-level or equivalent, and less than O-level or no qualifications. O-level indicates educational attainment to the equivalent of completion of schooling to the age of 15 y, and A-level indicates educational attainment to the equivalent of the completion of schooling to the age of 17 y. Educational level was categorized into "at least O-level" (which includes O-level, A-level, and degree) and "no qualifications" (20) .
Individuals with prevalent conditions were identified if they answered yes to the question "Have you been diagnosed by a doctor as having any of the following conditions? followed by a checklist of the individual conditions previously listed and a box for filling in dates and more details. Dietary intake was assessed by using a mailed food-frequency questionnaire and analyzed for nutrient intake including dietary calcium (22) .
Trained nurses carried out a health examination. BMI (in kg/m 2 ) was estimated as weight divided by the square of height. Plasma and serum samples were obtained from venipuncture blood samples. The plasma vitamin C concentration as a biomarker of plant food intake was estimated by using a fluorometric assay #1 wk of sampling (23, 24) . Samples were stored frozen in liquid nitrogen tanks until 2012 when serum samples were retrieved for 25-hydroxyvitamin D [25(OH)D] assays. Assays were conducted by VITAS, which is a reference laboratory in Nordic countries for fat soluble vitamins (25) (26) (27) All participants were followed up for health events. We report results for follow-up to December 2012 (an average of 13 y). All participants were flagged for death certification at the Office of National Statistics, United Kingdom. Death certificates were coded by nosologists according to the International Classification of Diseases (ICD). An underlying cause of death was defined by using ICD codes as follows: for cardiovascular death (ICD9 400-438 or ICD10 I10-I79), cancer death (ICD9 140-208 or ICD10 C00-C97), or respiratory disease (ICD9 460-519 or ICD10 J00-J99). We also examined specifically the following 2 subgroups: chronic respiratory disease ICD9 490-496 or ICD10 J40-J47 and respiratory infections ICD9 466 and 480-487 or ICD10 J10-J22 and J85. Deaths that were not attributable to underlying cardiovascular, respiratory, or cancer causes were classified as deaths from other causes. All participants are also linked to the National Cancer Registry for incident cancers. Participants admitted to hospital were identified by their unique national health service number by using data linkage with EN-CORE (East Norfolk Health Authority database), which identifies all hospital contacts throughout England and Wales for Norfolk residents. We used diagnostic codes to ascertain dates of first-incident hospital admissions for cardiovascular diseases, respiratory diseases, and fractures. We analyzed data according to deaths by underlying cause and total incident fatal and nonfatal diseases, which were defined as either death or hospital admission for the relevant condition, which is an approach that was previously validated for cardiovascular conditions by using medical records. The study was approved by the Norwich District Health Authority Ethics Committee, and all participants gave signed informed consent.
The current analysis included 14,641 men and women aged 42-82 y who attended the second health examination in 1997-2000 and had available blood samples for assays. Total 25(OH)D was calculated as the sum of 25(OH)D 3 and 25(OH)D 2 . Where concentrations of 25(OH)D 2 were below limits of detection (1 nmol/L), they were coded as zero. We categorized total 25(OH)D into 5 categories by using clinically relevant cutoffs as follows: ,30, 30 to ,50, 50 to ,70, 70 to ,90, and $90 nmol/L (multiply by 0.4 to get ng/mL).
We examined risk-factor distributions in men and women by 25(OH)D category. Concentrations of 25(OH)D showed marked seasonal variations, and thus, all results were adjusted for the month of assessment. The Cox proportional hazards model was used to determine RRs of all-cause and cause-specific mortality, incident cancers, and total fatal and nonfatal incident cardiovascular disease, respiratory diseases, and fractures by plasma 25(OH)D category after adjustment for age, sex, and month and then further adjustment for BMI, cigarette-smoking habit, alcohol intake, physical activity, plasma vitamin C, social class, education, and history of cardiovascular disease, cancer, or diabetes. We estimated HRs for all-cause mortality, incident total cancers, and incident chronic disease hospitalizations by using plasma vitamin D as a continuous variable per 20-nmol/L increase. We also examined RRs in subgroups stratified by sex, age group, BMI, manual and nonmanual social classes, smoking status, physical activity, and any supplement use and after the exclusion of individuals with any history of cardiovascular disease, diabetes, cancer, fractures, or respiratory diseases and those who died within #2 or #5 y of follow-up. We compared mean baseline 25(OH)D concentrations by the month of assessment in subjects who survived and those who died. To enable the categorization of individuals by taking into account the seasonal variation, we estimated coefficients according to the month of blood draw in relation to the estimate in November, which was the month that most closely approximated the overall individual annual mean.
We also compared survival curves in individuals with concentrations .120 nmol/L to examine mortality in subjects with highest vitamin D concentrations in this cohort although they accounted for only 1% of the total cohort. Table 1 . In this cohort, 9% of men and 13% of women had concentrations ,30 nmol/L, and 9% of men and 8% of women had concentrations .90 nmol/L. Plasma 25(OH)D concentrations were inversely related to BMI, current smoking status, and physical inactivity and positively related to lung function and blood vitamin C concentrations.
Mortality rates from 1997 to 2000 to 2012 and HRs by plasma 25(OH)D category by cause adjusted for age, sex, and month of blood draw and additionally adjusted for BMI, cigarette smoking, physical activity, alcohol intake, plasma vitamin C, social class, education, diabetes, history of cardiovascular disease, and history of cancer are shown in Table 2 . HRs for incident total cancer, incident cardiovascular diseases, respiratory diseases, total fractures, and hip fractures adjusted first for age, sex, and month and further multivariable adjusted as described previously are also shown in Table 2 . There was a strong inverse association between increasing 25(OH)D category and total mortality with individuals with concentrations .90 nmol/L having 34% lower risk of mortality compared than for subjects with concentrations ,30 nmol/L. There appeared to be a graded relation across the distribution of vitamin D concentrations. Trends were apparent for deaths from cardiovascular causes and respiratory disease causes with the greatest magnitude of difference for respiratory causes but not significant for deaths from cancer or other noncardiovascular nonrespiratory underlying causes. When analyzed as a continuous variable, for every 20-nmol/L increase in 25(OH)D, there was 11% lower cardiovascular disease mortality risk and 30% lower respiratory disease mortality risk. These associations only slightly attenuated after multivariable adjustment.
Consistent with the mortality findings, baseline 25(OH)D concentrations were not significantly associated with cancer incidence but were inversely associated with incident total cardiovascular disease and respiratory disease with the greatest magnitude of association observed for respiratory diseases. Concentrations of 25(OH)D were also significantly inversely associated with incident fractures and hip fractures although less apparently linearly with the lower RR flattening at concentrations .50 nmol/L.
HRs for total mortality per increase of 20 nmol/L serum 25(OH)D, which were consistent in the various subgroups examined, including stratification by dietary calcium intake and also apparent after the exclusion individuals with prevalent diseases or individuals who died #2 or #5 y follow-up are shown in Table 3 .
Mean baseline vitamin D concentrations by the month of blood draw in 1993-1997 in individuals who were dead compared with those who were alive at the end of follow-up in 2012 are shown in Figure 1 . Despite a substantial seasonal variation in mean vitamin D concentrations, there was a consistent difference throughout the months between individuals who died and those who survived over the 13 subsequent years of follow-up. Coefficients for the month of blood draw to obtain the estimated mean annual vitamin D for categorizing individuals are presented in the figure legend.
We previously reported an association between 25(OH)D concentrations and incident diabetes on the basis of a nested casecontrol design by using blood samples from the 1993-1997 baseline survey taken 4 y before the current study (8) . The 25(OH)D assays for this earlier analysis were undertaken in a different laboratory by using different methods. Nevertheless, in 877 individuals with available vitamin D measures in both 1993-1997 and 1997-2000, there was a correlation of 0.36 (P , 0.001) between the 2 independent samples. After adjustment for the month of blood draw at both visits by using the coefficients shown in Figure 1 , the correlation was 0.45 (P , 0.001).
Only 2 individuals had 25(OH)D concentrations .180 nmol/L (.72 ng/mL), which is the recommended upper limit. There were no deaths that occurred in this group. We recategorized the cohort according to new cutoffs with an upper group of $120 nmol/L (48 ng/mL) to explore the association with mortality at the higher concentrations of 25(OH)D although numbers were small in this high category (n = 152; 1% of the total cohort). Survival curves over follow-up between 1997 and 2012 are shown in Figure 2 . Age-, sex-, and month-adjusted HRs (95% CIs) for cutoffs ,30, 30 to ,90, 90 to ,120, and $120 nmol/L were 1, 0.77 (0.69, 0.86), 0.68 (0.56, 0.83), and 0.53 (0.33, 0.87), respectively. Analyses conducted by using only 25(OH)D 3 rather than total 25(OH)D showed essentially similar results.
DISCUSSION
In these middle-aged and older men and women, plasma 25(OH)D concentrations measured between 1997 and 2000 were inversely associated with total mortality over an average of 13 y SERUM 25-HYDROXYVITAMIN D AND MORTALITY of follow-up. There appeared to be a dose-response relation across the whole distribution of 25(OH)D concentrations with the lowest mortality observed in the category with blood concentrations .90 nmol/L. Approximately 10% of the population had concentrations ,30 mmol/L, 9% of the population had concentrations .90 nmol/L, and 1% of the population had concentrations .120 nmol/L. This inverse association was consistent after adjustment for age, sex, month of blood draw, BMI, physical activity, smoking, alcohol intake, plasma vitamin C concentrations, occupational social class, education, diabetes history, history of cardiovascular disease, and history of cancer. This association was also consistent in subgroups after Randomized clinical trials of vitamin D supplementation have not provided conclusive evidence. A review of 56 randomized trials with 95286 participants that examined vitamin D at any dose, duration, and route of administration observed that vitamin D in the form of vitamin D 3 seems to decrease mortality in predominantly elderly women who are mainly in institutional care but otherwise concluded that the available evidence on vitamin D supplementation and mortality is inconclusive (2) . A similar debate applies to vitamin D-supplementation trials for prevention of fractures, cardiovascular disease, and other health outcomes (1, 2, 5, 16, (29) (30) (31) (32) (33) .
Some of the uncertainty has been attributed variously to the heterogeneity in the baseline vitamin D status of the populations studied, uncertain compliance, different modes of administration of vitamin D because oral compared with intramuscular administration or small daily doses compared with infrequent bolus doses result in very different blood concentrations (34) , different forms of vitamin D administered because different isomers such as cholecalciferol (vitamin D 3 ) and ergocalciferol (vitamin D 2 ) are postulated to have different biological potency and effects (35) , possible interactions with other nutrients such as dietary or supplemental calcium (7), and low power for mortality. Many trials have focused on high-risk groups such as trials of the prevention of fractures in the very old or individuals with osteoporosis, and the largest trial to date, the Women's Health Initiative, was conducted only in postmenopausal women (33) .
Observational studies, particularly cohort studies, may be better placed to quantify the association between vitamin D and health outcomes, but results have also been inconsistent (14, 36) . We also showed strong inverse associations of serum 25(OH)D with incident and fatal cardiovascular disease, respiratory disease, and fractures. Although these associations have been variably documented previously (6, 11, 13, (40) (41) (42) (43) , the dose-response relation between plasma 25(OH)D concentrations and health outcomes and the nature of the relationship, whether threshold or U-shaped, are still debated. This study, which included men and women, enabled the examination of the dose-response relation with total mortality at concentrations .90 and .120 nmol/L although with only a small proportion of the population with concentrations .120 nmol/L (n = 152; 1%) and .150 nmol (n = 21; 0.1%); we did not have power to assess potential adverse outcomes above concentrations of 150 nmol/L. Nevertheless, mean 25(OH)D distributions and seasonal variations were broadly comparable to those noted for other Northern hemisphere countries, most notably in the US NHANES III.
The significant relations were somewhat surprising because only one measure of 25(OH)D was used to characterize individual status, and large seasonal variations in 25(OH)D concentrations have been well established. Nevertheless, comparisons of mean vitamin D concentrations by the baseline month of blood draw in subjects who survived and those who were alive after 13 y of follow-up showed consistent significant differences in mean concentrations throughout the year. A random measurement error from intraindividual variation was likely to have attenuated any associations with endpoints.
Because of the large seasonal variation, characterizing an individual's usual vitamin D status is challenging, and various algorithms of varying complexity have been proposed (44) ; our data suggested that a simple adjustment on the basis of the month of blood draw outlined in Figure 1 Incident diseases were ascertained from mortality and hospital-admission data, which in the United Kingdom with the National Health Service are virtually complete. Validation studies on the basis of medical records have shown good validation for cardiovascular diseases. However, milder nonfatal cases that did not require a hospital admission would have been missed. Although this absence may have limited the generalizability of results to more-severe diseases, it is likely that a measurement error in disease ascertainment would have attenuated associations.
In conclusion, this 13-y prospective study in a free-living, middle-aged and older British population provides additional support for the hypothesis that vitamin D status is associated with a range of important health outcomes including respiratory disease, cardiovascular disease, fractures, and total mortality. Highest mortality rates were observed in individuals with 25(OH)D concentrations ,30 nmol/L. Negligible numbers of subjects had concentrations .150 nmol/L, and only 1% of the population had concentrations .120 nmol/L. Within this observed population range, there was no evidence for increased mortality for 25(OH)D .90 or .120 nmol/L, suggesting that a moderate increase in population mean concentrations may have a potential health benefit for preventing deficiency without increasing risk.
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